We show that both flanking IS256 elements carried by transposon Tn4001 are capable of generating head-to-tail tandem copies and free circular forms, implying that both are active. Our results suggest that the tandem structures arise from dimeric copies of the donor or vector plasmid present in the population by a mechanism in which an IS256 belonging to one Tn4001 copy attacks an IS256 end carried by the second Tn4001 copy. The resulting structures carry abutted left (inverted left repeat [IRL]) and right (inverted right repeat [IRR]) IS256 ends. Examination of the junction sequence suggested that it may form a relatively good promoter capable of driving transposase synthesis in Escherichia coli. This behavior resembles that of an increasing number of bacterial insertion sequences which generate integrative junctions as part of the transposition cycle. Sequence analysis of the IRL-IRR junctions demonstrated that attack of one end by the other is largely oriented (IRL attacks IRR). Our experiments also defined the functional tips of IS256 as the tips predicted from sequence alignments, confirming that the terminal 4 bp at each end are indeed different. The appearance of these multiple plasmid and transposon forms indicates that care should be exercised when Tn4001 is used in transposition mutagenesis. This is especially true when it is used with naturally transformable hosts, such as Streptococcus pneumoniae, in which reconstitution of the donor plasmid may select for higher-order multimers.
Transposon Tn4001 was originally isolated from Staphylococcus aureus (22) and has proved to be a useful tool for genetic analysis of several gram-positive bacteria, including Streptococcus gordonii (18) , and mollicutes, such as the mycoplasmas (7, 10) , spiroplasmas (8, 9) , and acholeplasmas (41) . This compound transposon is composed of the aacA-aphD genes, conferring resistance to gentamicin, kanamycin, and tobramycin, flanked by two copies of IS256 in inverted orientation ( Fig. 1A) (22) .
Although Tn4001 has been used to mutagenize various gram-positive bacteria, the initial evidence suggested that some of the transposition products might be complex (20) . We also observed complex transposition behavior during Tn4001-mediated transposition mutagenesis of Streptococcus pneumoniae. These results prompted us to investigate transpositional recombination of Tn4001 in more detail.
IS256 itself is the founding member of a family of insertion sequences which includes examples from a variety of grampositive and gram-negative bacterial species (4, 23) . It is 1,324 bp long and carries 26-bp terminal imperfect inverted repeats (an inverted left repeat [IRL] and an inverted right repeat [IRR] ); in the case of IS256, but not in the majority of family members, these inverted repeats diverge at the terminal dinucleotides. IS256 generally generates 8-bp direct flanking target repeats upon insertion and includes a single long open reading frame encoding the transposase. Very little is known about the transposition mechanism of this family of elements (4, 23) .
Like many transposases, that of IS256 exhibits a potential DDE motif assumed to be part of its catalytic site (11, 13) . For the elements encoding DDE transposases whose activities have been investigated, the chemical steps catalyzed by the enzymes are quite similar, if not identical; they promote single-strand cleavage (hydrolysis) at the ends of the transposon to generate a 3Ј OH group (3Ј ends), which attacks the target DNA in a second transesterification reaction, and this results in transfer of the corresponding DNA strands to the target site (26) . In spite of these similarities in the reaction mechanisms, transposition pathways can vary quite considerably from element to element. The differences are determined by the strategy adopted for treatment of the second, complementary transposon strand (5Ј ends) (45) .
Several distinct pathways have been adopted for processing the 5Ј transposon end. One major pathway adopted by members of several IS families, including the IS3 family (16, 37) and probably the IS21 and IS30 families (1, 15) , involves an initial single-strand cleavage at only one end, the donor end. The free 3Ј OH formed is then directed to attack the opposite end on the same DNA strand, the target end, to generate an intermediate in which the two ends are joined by a single-strand bridge. This is then converted into a transposon circle (29; G. Duval-Valentin and M. Chandler, unpublished data). The transposon circle is characterized by a reactive junction in which abutted left and right IS ends (IRL and IRR) are separated by a short spacer whose length is characteristic for the particular IS and which is derived from nucleotides flanking the target end. Each end then undergoes single-strand cleavage to liberate a 3Ј OH. The resulting OH groups again act as nucleophiles in a final strand transfer step into the insertion site, which results in integration of the transposon circle. Reactive junctions have been observed for several ISs, including members of the IS1 (39, 44) , IS3 (38, 47) , IS21 (1, 32) , IS30 (27) , IS110 (28, 40) , and ISL3 families (14) . These structures may arise either by circularization of the IS or by tandem duplication (15, 46) and are more active as substrates in transposition than are ISs with distant flanking ends (1, 43) .
In the case of IS256 (Tn4001), early studies of Staphylococcus aureus (20) revealed structures which resembled tandem IS copies. In this study, we confirmed and extended the initial observations and showed that tandem IS copies are generated from Tn4001 in Escherichia coli. We also observed and characterized circular copies of IS256. Our results suggest that IS256 and presumably other members of the same IS family have a transposition pathway which can use a reactive IRR-IRL junction. As in the case of other ISs which form directly repeated tandem copies, generation of these structures probably involves prior creation of a dimeric donor plasmid molecule (15, 46) (see Fig. 5 ).
In studies of S. pneumoniae in which we used a nonreplicative plasmid carrying Tn4001 introduced by natural transformation, we observed that, in a significant proportion of mutants, insertion of Tn4001 was accompanied by insertion of the donor plasmid backbone. This result may be a direct consequence of transposition from plasmid dimers in the population in which the DNA segment which transposes includes one of the two plasmid copies together with the flanking transposable element, as observed for IS1 (2) . Alternatively, it may be due to the formation of transposon-IS structures from plasmid dimers, as observed in this study, and integration promoted by a resulting reactive IRL-IRR junction. Although at this time we are not able to distinguish between these possibilities, our results clearly underline a need for caution when Tn4001 is used as a mutagen in S. pneumoniae (and presumably in other natural transformation systems). (35) supplemented, when necessary, with spectinomycin (50 g/ ml). Plasmids were introduced by electroporation by using a Bio-Rad gene pulser as recommended by the manufacturer. E. coli recombinants were selected on L plates with appropriate antibiotics (obtained from Sigma).
MATERIALS AND METHODS

Bacterial
Wild-type nonencapsulated S. pneumoniae strain R800 was used to detect Tn4001 transposition. In all experiments, S. pneumoniae was grown in Casamino indicated by arrows. The IS256 copies were designated left and right with respect to the orientation of transcription of the aacA-aphD gene region. This is the inverse of the nomenclature of Byrne et al. (30) , and precompetent and competent cells were prepared as described previously (24) . The precompetent cells were activated with synthetic competence-stimulating peptide 1 at a concentration of 25 ng/ml (12) . DNA carrying Tn4001 was added at a concentration of 5 or 60 g/ml. Transformants carrying transposition products were selected on D blood agar plates with 20 g of gentamicin per ml. As the frequency of Gen r transformants depends on the competent cell batch, pR401[Tn-IS] DNA was used to normalize and estimate the ratio between the different plasmid forms. Typically, we obtained frequencies of Gen r colonies between 2 ϫ 10 Ϫ6 and 4 ϫ 10 Ϫ6 with dam dcm unmethylated pR401[Tn-IS] DNA. Each transformation experiment was repeated with several different cell batches.
Plasmids. Plasmid p␣ (18, 19) containing Tn4001 was kindly provided by R. Lunsford; pR401 was constructed by ligating the 5,016-bp BamHI-KpnI restriction fragment from pR217 containing the pSC101 replication origin (31) to the 5.5-kbp BamHI-KpnI fragment containing Tn4001 from p␣. Plasmid pR401 [aad] 2 , carrying a tandem duplication of 1,300 bp of the aad (spectinomycin resistance) gene, was constructed by ligating XbaI-linearized pR401 to the XbaI-digested PCR fragment amplified from pR401 with primers mp125 and mpY.
To determine the events leading to establishment of Gen r colonies, S. pneumoniae chromosomal DNA was extracted from clones obtained following transformation with pR401 or pR401[Tn-IS] plasmid DNA preparations. Transposition of IS256 independent of Tn4001 would not have been detected in these experiments. Chromosomal DNA was digested with BglII and separated by electrophoresis. Following staining with SyBr green, the gel was dried and hybridized either with a PCR fragment that exhibited homology to the pSC101-derived vector backbone or with an HindIII DNA fragment from within Tn4001 which carried the entire aacA-aphD gene region together with approximately 300 bp of flanking DNA from the right end of IS256.
DNA procedures. Standard techniques were used for DNA manipulation and cloning (35) . Restriction and DNA-modifying enzymes were purchased from New England Biolabs. DNA molecules were isolated from agarose gels with a QIAquick gel extraction kit (Qiagen). Plasmid DNA was extracted with miniprep or maxiprep kits (Qiagen). PCR products were purified with a QIAquick PCR purification kit (Qiagen). The following oligonucleotides were used in this study: mp125 (5ЈCCGTAAAAGGACTGTTATATGGC 3Ј), mpY (5ЈGCTCTAGA-A GCCTGTTCGGTTCGTAAGC 3Ј), and mpZ (5ЈAGATATTAACTTAGCGC GTGAGG 3Ј). PCR amplification was performed using Hot Tub polymerase (Amersham), with 30 cycles consisting of 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min per kb amplified.
Gel electrophoresis and hybridization with radiolabeled probes. Reaction products were separated on 0.7% agarose gels in TAE buffer at room temperature and were detected either with ethidium bromide or SyBr green or by Southern hybridization with [␥- 33 P]ATP-radiolabeled probes. DNA hybridization was performed directly in the gel. The gel was dried for 60 min at 60°C, and the DNA was denatured with 0.5 M NaOH-0.15 M NaCl for 20 min and neutralized with 0.5 M Tris (pH 8)-0.15 M NaCl. After prehybridization in a solution containing 6ϫ SSC (0.9 M NaCl plus 0.09 M sodium citrate), 0.5% sodium dodecyl sulfate, 100 mg of calf thymus DNA per ml, and 0.1% nonfat milk for 2 to 4 h, hybridization was carried out with a large excess of radiolabeled oligonucleotides for 12 to 15 h in the same buffer. Both steps were performed at 8°C below the melting temperature of the probe. The gel was then washed three times in 6ϫ SSC-0.1% sodium dodecyl sulfate at room temperature, dried, and exposed either to Kodak Biomax film for autoradiography or in a Fuji X BAS1000 phosphorimaging system coupled to the PCBas software package.
Oligonucleotides were radiolabeled for sequencing. One microliter of a 10 M oligonucleotide solution was incubated for 45 min at 37°C with 30 Ci of [␥-
33 P]ATP, 1 l of kinase buffer, and 5 U of T4 polynucleotide kinase in a 10-l (final volume) mixture. The kinase was inactivated by incubation for 10 min at 68°C. One microliter of radiolabeled oligonucleotide was used directly for sequencing by using the Amersham thermosequenase cycle sequencing protocol. Radiolabeled oligonucleotide mp125 was used to sequence the IS junctions of the different forms isolated from the agarose gel after electrophoresis. Five microliters of each sequencing reaction mixture was loaded on an 8% sequencing gel and electrophoresed at 40 W for 2 h. After drying, the gel was exposed on Biomax autoradiography film (Kodak).
RESULTS
Experimental context. The initial goal of this study was to generate a bank of mutants of S. pneumoniae by using the IS256-based transposon Tn4001 (Fig. 1A) . Plasmid p␣, a derivative of pBR322 that carried Tn4001 and was incapable of replication in S. pneumoniae, had been used previously in S. gordoni to deliver Tn4001 (18) . It appeared to be inappropriate for this study because the S. pneumoniae strain that was going to be mutagenized already carried integrated pBR322 DNA sequences. Introduction of p␣ by natural transformation into this host would have resulted in homologous recombination between the p␣ sequence and the chromosomal pBR322 copy. To circumvent this, Tn4001 was transferred to a different plasmid backbone. Low-copy-number plasmid pR217 (31), a derivative of pSC101, was chosen for this purpose. Cloning of Tn4001 (Fig. 1A) as a BamHI/KpnI fragment into BamHI/ KpnI-cleaved pR217 yielded plasmid pR401 (Fig. 1B) . Surprisingly, pR401 DNA proved to be about 10-fold less efficient than p␣ DNA for transforming a strain of S. pneumoniae lacking pBR322 homologous sequences in its chromosome (data not shown).
Since studies with p␣ indicated that DNA prepared in the absence of dam and dcm methylation yielded significantly more transformants than methylated plasmid DNA (18), pR401 DNA was prepared from an E. coli dam dcm host (GM2163) carrying a wild-type recA gene. The presence of an active homologous recombination system in this strain might have influenced the plasmid content and led to the differences observed in transformation efficiencies. When DNA of p␣ and pR401 isolated from the E. coli dam dcm strain were analyzed by gel electrophoresis, a large fraction of the pBR322 derivative, p␣, appeared as multimers, whereas the pSC101 derivative, pR401, did not appear as multimers. This probably reflected the absence of a dimer resolution system in pBR322 and the presence of an active system in pSC101 (5) . Since installation of multimeric autonomous replicating plasmid DNA in S. pneumoniae during natural transformation of competent cells is more efficient than installation of monomeric forms (36) , it seemed possible that the lower apparent transposition efficiency from pR401 was due to a lower efficiency of reconstitution of a complete copy of Tn4001 when it was carried by the largely monomeric pR401 plasmid. The steps involved in transposition of Tn4001 from the nonreplicative pR401 plasmid following transformation of S. pneumoniae are not known, although the pathway is obviously complex (see below). During transformation, exogenous double-stranded DNA is randomly nicked and ingested by the recipient cell. Only one strand enters, with a leading 3Ј end, and the complementary strand is degraded (25) . Transposase expression requires reconstitution of an intact double-stranded DNA in the cell, and transposition requires establishment of an active complex between the transposase and the transposon DNA. Therefore, in analogy to installation of multimeric replicative plasmids during transformation (36) , reconstitution of the nonreplicative plasmid inside the S. pneumoniae cell could be a limiting step for transposition. To determine whether multimeric copies of pR401 could improve transposition frequencies, dimeric forms were generated, and their capacities to generate S. pneumoniae mutants resulting from Tn4001 insertions were compared to those of monomeric plasmids, as described below.
Isolation of multimeric forms of pR401. E. coli strain (LN2843) with a mutation in the chromosomal lacI gene, colonies carrying pR401 should appear white on 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) indicator plates. Plasmidless cells, resulting from segregation of multimeric plasmids, should lose the lacI q gene and thus appear blue (Lac ϩ ). Indeed, blue sectors developed in some of the colonies after several days of growth. Analysis of the plasmid contents of the neighboring white regions of such colonies revealed three major species on an agarose gel (Fig. 2) . Two of these species migrated as expected for monomeric and dimeric plasmids, while the third migrated at a position slightly above that of monomeric plasmid DNA (intermediate form I in Fig.  2A, lane 1) . This form was restricted to colonies with associated blue sectors and, like plasmid dimers, was not detected in the entirely white colonies.
To isolate the pR401 dimer for transformation of S. pneumoniae, DNA purified from the white regions of colonies with blue sectors was used at a low concentration to transform a naive, recombination-proficient E. coli dam dcm host. The dam and dcm markers were used initially to obtain more efficient transformable DNA for eventual introduction into S. pneumoniae. Although transformant colonies were obtained in which one of the three species appeared to be the majority form, no clones carrying a single plasmid DNA species were obtained (data not shown). This suggested that there may be interconversion among the three species either by homologous recombination or by transposition. To investigate this further, the same DNA preparations were used to transform an E. coli recA host (CT45). Whereas it was possible to isolate clones carrying only monomeric plasmid DNA (Fig. 2A, lane 3) , clones containing a majority of dimeric DNA (Fig. 2A, lane 5 ) always contained some monomers and form I, and clones containing form I also contained the monomeric plasmid (Fig. 2A,  lane 4) . This suggested that the plasmid dimer gives rise to both the intermediate and monomeric species, whereas the form I species can generate plasmid monomers via a recAindependent pathway.
Characterization of pR401 derivative form I. To determine the nature of the novel pR401 species, form I was purified following gel electrophoresis and digested with HindIII, which cleaved once within each IS256 copy and once within the pR401 backbone (Fig. 1B) . The results are shown in Fig. 2B . This form gave rise to an additional 1.3-kbp fragment (Fig. 2B , lane 3) compared to the results obtained for the purified monomer (lane 2). The size of this fragment was the size expected for a tandem head-to-tail dimer of the IS (Fig. 1C) . Southern hybridization performed with an oligonucleotide specific for the left end of IS256 interior to the terminal inverted repeat (mp125) (Fig. 1B and C) confirmed that the additional fragment carried the predicted portion of IS256 (data not shown). Form I was therefore considered to be a new plasmid species and provisionally designated pR401[Tn-IS].
Although we did not investigate whether the parental plasmid, p␣, was able to generate such derivatives, it should be noted that Lyon et al. (20) observed equivalent plasmid forms obtained from a Tn4001-carrying plasmid, pSK1␣, the prototype aminoglycoside resistance plasmid isolated from Australian strains of S. aureus (21) .
IS circle formation. The structure of the pR401[Tn-IS] species described above is reminiscent of the structure of transposition intermediates of ISs whose transposition pathway includes formation of an IRR-IRL reactive junction. An additional characteristic of these ISs is their capacity to generate transpositionally active circular forms (11) . Such species were not observed in the ethidium bromide-stained gel containing undigested plasmid DNA shown in Fig. 2A . Moreover, since digestion of such circles would be expected to generate a fragment of the same size as that obtained from the transposon-IS junction, they could not have been detected in the digested DNA preparations shown in Fig. 2B . To determine whether IS256 generated such IS circles, more sensitive SyBr green staining was used. Typical results are shown in Fig. 2C . Several high-mobility forms were revealed by this treatment (forms i, ii, iii, and iv). Two of these forms, forms i and ii, deleted (forms iii and iv, respectively). It should be noted that form iv, like form ii, was present only in samples containing pR401 [Tn-IS] .
Structure and sequence of the transposon-IS and IS circle junction. Another characteristic of ISs which transpose by using a reactive junction is that the abutted inverted repeats are invariably separated by a short DNA linker derived from nucleotides flanking the target end in the parental insertion. A given IS element generates a linker with a defined length which is not necessarily the same as that of the direct repeats generated by the IS upon insertion (1, 16, 32) .
The nature of the junction was determined as follows. Plasmid pR401[Tn-IS] DNA was gel purified from a sample containing a population of molecules (Fig. 2A, lane 1) and used to transform an E. coli recA strain. Total plasmid DNA was prepared from cultures of five isolated colonies and separated by gel electrophoresis. After Sybr green staining of the gel, the IRL-IRR junctions of pR401[Tn-IS] and of the two putative IS circular forms (forms i and ii) were PCR amplified directly by using oligonucleotides mp125 and mpZ ( Fig. 1B and C ). An identical analysis was performed for form i species obtained from pR401 monomer molecules. Each species yielded a fragment that was approximately 430 bp long, the size predicted for a junction fragment. The nucleotide sequences of five transposon-IS junctions and forms i and ii derived from three of these junctions were determined. In addition, the junction sequences of three form i species derived independently from pR401 monomers were determined.
Representative results and a schematic interpretation are shown in Fig. 3 . The junction sequence obtained from the population of form i products (monomeric circles) in samples of the pR401 parental plasmid was mixed (Fig. 3A) . It included 5-and 6-bp spacers from the right end of IS256L (5ЈAACTC3Ј and AAACTC) and a 6-bp spacer from the right end of IS256R (GAAGTG). This finding is consistent with the presence of IS circles derived from both component IS256 copies and indicates that IRL was the attacking end and IRR was the target end. In addition, it implies that the attack occurred in a majority of cases 6 bp distal to IRR for IS256R (GAAGTG), while in the case of IS256L the attack occurred either at 5 bp (AACTC) or 6 bp (AAACTC) in the population. The results imply that both component copies of IS256 in Tn4001 are active.
Of five independently isolated pR401[Tn-IS] clones, four appeared to carry tandem dimers including IS256L (pR401 [Tn-IS256L]) (Fig. 3B) , while one carried dimers including IS256R (pR401[Tn-IS256R]) (Fig. 3C) . The pR401[Tn-IS256L] dimer junction spacer was derived from the five (AACTC; three individual clones sequenced) or six (AAACTC; one clone sequenced) neighboring IRR-flanking bases, confirming the alternative position of IRL attack. The sequence of the form i junction was again mixed and was similar to the sequence obtained from the form i species of pR401 itself. It included sequences from the pR401[Tn-IS256L] tandem dimer junction, as well as IRR-flanking DNA from IS256L. This conclusion was based on the observation that form i junctions from a pR401[Tn-IS] derivative with only a 5-bp pR401[Tn-IS256L] tandem dimer junction (AACTC) had a mixed sequence including both 5-bp (AACTC) and 6-bp (AAACTC) spacers. It also included a 6-bp sequence from the right end of IS256R (GAAGTG), again indicating that both flanking IS elements contribute to the formation of form i. Form ii, a form observed only in pR401[Tn-IS] preparations, also had mixed 5-and 6-bp spacers derived from the right end of IS256L. No corresponding flanking sequences from IS256R were detected, indicating that this form is derived solely from IS256L. Moreover, form ii DNA from a pR401[Tn-IS] derivative with only a 5-bp pR401[Tn-IS256L] junction (AACTC) also had a mixed sequence including both 5-bp (AACTC) and 6-bp (AAACTC) spacers. This finding is consistent with the notion that form ii is a circular IS dimer ([IS256] 2 circle). Finally, the sequence of the pR401[Tn-IS256R] (Fig. 3C ) tandem dimer junction carried by the single clone of pR401[Tn-IS] appeared to be unique and was composed of 6 bp of IRR-flanking DNA (GAAGTG). The form ii species from this preparation contained a similar junction. In contrast, the sequence of the form i junction was mixed, as it was in the other form i derivatives.
These results demonstrate that both IS copies in Tn4001 are active in circle or tandem dimer formation; that attack of one end by the other is largely oriented (IRL attacks IRR); and that events in which IS256L is used generate 5-or 6-bp junction spacers, whereas junctions generated by IS256R carry a majority of 6-bp spacers. Our experiments also defined the functional tips of IS256 as the tips predicted from sequence alignments, confirming that the sequences of the terminal 4 bp at each end are indeed different.
Tn4001-mediated recombination in S. pneumoniae. Tn4001 transposition in S. pneumoniae depends on a series of relatively complex steps. Transformation of S. pneumoniae involves initial ingestion of single-stranded DNA by the recipient bacteria. To transpose from pR401, Tn4001 requires transposase expression from the resident IS256 copy. For this to occur, a double-stranded plasmid copy must presumably be reconstituted. This chain of events is complicated further by the fact that pR401 does not replicate in S. pneumoniae. Quantitation of Tn4001 transposition is therefore not straightforward. Three observations were made during our attempt to understand the behavior of Tn4001 in S. pneumoniae.
The frequencies of establishment of transposon-specified gentamicin resistance were compared following transformation of S. pneumoniae with pR401 or pR401[Tn-IS] DNA. Plasmid pR401[Tn-IS] gave rise to an approximately 10-fold-higher level of Gen r colonies than did pR401. This relatively small difference in frequency could have been due to various factors, such as the presence of a reactive IRL-IRR junction or more efficient reconstitution of pR401[Tn-IS] because of the sequence redundancy resulting from the additional IS256 copy.
The effect of sequence redundancy alone on reconstitution was also investigated. A derivative of pR401, pR401 [aad] 2 , which contained a directly repeated sequence from the aadA gene whose length was similar to that of IS256, was constructed. The frequency of Gen r colonies obtained following transformation was fivefold higher than the frequency obtained with pR401 but twofold lower than the frequency obtained with pR401[Tn-IS]. Thus, sequence redundancy improved the efficiency of plasmid reconstitution but may have been less effective than a structure which also included an IRR-IRL junction.
Finally, we assessed the ability of the IRL-IRR junction to promote integration of the entire donor plasmid. Efficient integration has previously been observed with other similar structures (1, 27, 33, 39) . The total DNA of 12 independent Gen r clones obtained from pR401 and 12 Gen r clones obtained from pR401[Tn-IS] were examined following appropriate digestion, electrophoretic separation, and hybridization with probes specific for Tn4001 or for the donor plasmid. Five of the 12 pR401[Tn-IS]-derived clones resulted from integration of the entire plasmid, whereas only 2 of the 12 pR401-derived clones showed this pattern. The potential structures of these integration products are shown in Fig. 4 . All other clones carried only Tn4001 (data not shown).
Although further analysis is necessary to determine the role of the IRR-IRL junction in IS256 transposition, our results clearly underline the necessity for prudence when transposons of this type are used as mutagens in S. pneumoniae.
DISCUSSION
Transposition-related recombination of Tn4001. Transposon Tn4001 is composed of two inverted copies of insertion sequence IS256 flanking an aacA-aphD gene region (20) . This transposon has been correlated with the presence of plasmids providing multiple antibiotic resistance to nosocomial strains. Moreover, IS256 itself has been shown to be involved in phase variation of Staphylococcus epidermidis (49) . While isolating plasmid pSK1␣, the original source of Tn4001, from a clinical isolate of S. aureus, Lyon et al. (20) observed a second plasmid, pSK1␤. This plasmid proved to be identical to pSK1␣ except for the presence of an additional copy of IS256 directly flanking the left copy of IS256 and in the same orientation. We demonstrated here that this type of [Tn-IS] structure is readily generated from a Tn4001-carrying plasmid in E. coli. In our case, an additional IS256 element was found abutting either the left (n ϭ 4) or right (n ϭ 1) copy of IS256 (Fig. 1) . We also found that IS256 is capable of forming IS circles. Both types of structure involve a left IS256 end (IRL) and a right IS256 end (IRR) separated by 6 bp (or more rarely 5 bp). Furthermore, interconversion among tandem plasmid, monomeric plasmid, and circles suggest that the IRR-IRL junction is active in promotion of transposition. This behavior resembles that of an increasing number of bacterial insertion sequences which generate integrative junctions as part of the transposition cycle.
For members of the IS3 family of bacterial insertion sequences, transposon circles are generated by intra-IS recombination between the two ends of the element (for a review see reference 33); an initial single-strand cleavage occurs at one end, the donor end, and the free 3Ј OH formed is then directed to attack the opposite end on the same DNA strand, the target end, to generate an intermediate in which the two ends are joined by a single-strand bridge (29) . If the substrate is circular, the resulting figure-eight form is then converted into a covalently closed circular IS by elimination of the intervening plasmid DNA (46) . For IS911, since attack generally occurs precisely 3 bases outside the target end, the ends are separated by a 3-bp linker derived from sequences flanking the target end. Tandem IS dimers have also been observed for members of the IS3 (46), IS21 (32) , and IS30 (15) families. Formation of the dimers can occur in two ways (1, 15, 46) . One pathway involves prior formation of a plasmid dimer or cointegrate. An initial recombination, similar to that involved in IS circle formation, between the two copies of the IS generates a figureeight form. Resolution that generates the equivalent transposon circle eliminates the intervening plasmid DNA to generate the tandem structure (46) . The observation that these events occurred preferentially in situations in which the donor plasmid was able to multimerize supports this view. Alternatively, an IS circle may be inserted in a sequence-specific manner next to a resident IS (15; C. Loot, C. Turlan, and M. Chandler, unpublished data).
The different types of recombination which we propose occur during transposition of Tn4001 are presented in Fig. 5 . We note that the sequence data obtained with E. coli for the different IRL-IRR junctions suggest that in all cases IRL is the attacking end while IRR is the target. This is because the intervening 5-or 6-bp sequence between the two ends is always the sequence which originally flanks IRR (Fig. 3) . This may be a reflection of the significant differences in the sequences of the terminal 4 bp of the inverted repeats. This type of asymmetric behavior has been noted previously in the case of IS2 (16, 16a) . There are only two ways in which a copy of IRL can attack a suitably oriented copy of IRR in a monomeric plasmid carrying Tn4001 (Fig. 5A ). These ways are both intra-IS recombination events and would generate circular forms of either IS256L or IS256R. While we identified circular copies of IS256L and IS256R in a population of pR401 monomers in E. coli (Fig. 3A) , we did not positively identify a circular copy of the entire transposon. As shown in Fig. 5A , formation of such a structure would require attack by one copy of IRL of its homologue from the second IS256. Moreover, this species carries inverted repeats that are the length of IS256, a structure which would be expected to be unstable. For a dimeric plasmid (Fig. 5B) , in addition to the intra-IS recombination events, there are four ways in which an IRL copy might attack an IRR copy on a partner IS256 element in an inter-IS recombination event; two of these ways involve IS256L, and two involve IS256R. Resolution would give rise to a plasmid carrying a transposon with either two abutted IS256L copies or two IS256R copies, as we observed (pR401[Tn-IS256L] and pR401[Tn-IS256R]) ( Fig. 3B and C) . A further round of attack in these [Tn-IS] structures (Fig. 5C) would result in the formation of a circular tandem IS256 dimer ([IS] 2 circle) ( Fig. 3B  and C) . Such dimer circles could be generated only from pR401[Tn-IS] or from dimeric forms of pR401, as we observed. Based on observations made with other IS elements, abutted IS ends are very active in transposition; all species carrying abutted ends would be considered intermediates in transposition and would undergo efficient insertion into a suitable target molecule.
It is interesting that while the number of interstitial base pairs between IRL and IRR at the junction can be identical to the length of the direct flanking target repeat generated upon insertion, as in the case of IS911, this is not a general rule. For example, IS2 generates a 5-bp target duplication upon insertion, but only 2 bp are located between the two ends in the junction (16) . For IS1, the transposon circles have an 8-bp interstitial region, while IS1 integration generates a 9-bp target duplication (44) . This implies that the geometry of the recombination complex which generates the junction differs from the geometry of that leading to insertion. Insertion of IS256 generally generates an 8-bp direct flanking target repeat (3). However, the number of interstitial base pairs observed at the transposon-IS junction is five or six (Fig. 3) . On closer inspec- tion, junctions formed with IS256L appeared to be separated by either 5 or 6 bp, while all of the junctions generated with IS256R appeared to be 6 bp long (Fig. 3) Potential promoter in the IRR-IRL junction. A characteristic of several (1, 6, 28, 42) , but not all, elements which undergo tandem dimerization or circularization is that formation of the IRR-IRL junction results in assembly of a promoter, p junc , capable of driving transposase synthesis. In these cases, IRL carries a Ϫ10 promoter element directed inward, while IRR carries a Ϫ35 element directed outward. These junction promoters are generally stronger than the resident p IRL promoter, and it is probable that their formation leads to a burst of transposase synthesis that results in efficient integration of the IRR-IRL junction. In the case of IS911, p junc stimulates transposition about 50-fold (6a).
Analysis of the junction sequences observed here indicated that IS256 may also assemble a p junc during its transposition cycle. A reasonable Ϫ35 element (TTGACT), typical of E. coli 70 promoters, can be found in IRR (48), while a Ϫ10 element which perfectly matches the consensus element (TATAAT) is found in IRL. Formation of the junction with an intervening 6 bp would place these two elements at an optimal distance (p junc ) (Fig. 6) . Although no extended Ϫ10 sequence (TaTG gTATAAT) typical of promoters from gram-positive bacteria (34) is evident at the IRR-IRL junction, Lyon et al. (20) correlated the presence of IS256 tandem structures with increases in gentamicin, trimethoprim, and kanamycin resistance in S. aureus. Since no transcriptional termination signals between the IS256 IRR-IRL junction and the aacA-aphD gene region were evident (3), the increase in antibiotic resistance might be explained by reconstitution of a strong promoter at the IRR-IRL junction. Figure 6 also shows the elements of a potential resident IS256 promoter which could drive transposase expression (p IRL Gram Ϫ ), as has been noted previously (3). The 16-bp spacer between these elements suggests that this indigenous promoter may not be very active (17) . It is also worth noting that an extended gram-positive Ϫ10 element is also present in IS256 and may represent an alternative internal promoter active in this class of bacteria (p IRL Gram ϩ ) (Fig. 6 ). Further studies are required to establish whether these potential promoter elements play a role in IS256 transposition.
Tn4001 as a tool for mutagenesis of S. pneumoniae. The experiments reported here were designed to investigate the reasons for the low apparent efficiency of transposition of Tn4001 from pR401 into the S. pneumoniae genome. Our results are consistent with the idea that this low efficiency is due largely to the low levels of the dimeric plasmid. Analysis with E. coli, as described above, showed that a dimeric pR401 plasmid can give rise to tandem species (pR401[Tn-IS]), as well as monomeric and dimeric IS256 circles, all carrying an IRR-IRL junction. Since this type of structure has been shown to be very active in transposition for a number of other ISs, it seems reasonable to hypothesize that these structures were responsible for at least part of the increased transposition from dimeric pR401.
It should be emphasized, however, that many different steps are involved in generation of the final transposition products in S. pneumoniae and that the type of DNA species which acts as an intracellular transposon donor is not known. Therefore, at present it is not possible to define the contribution of monomeric and dimeric plasmid forms or of plasmids carrying [Tn-IS] to the transposition events. The following considerations must be taken into account in determining the overall transposition frequency. Transformation occurs by entry of single-stranded DNA. Dimeric plasmid DNA is more efficient in transformation than monomeric DNA (36) , probably due to the increased probability of regenerating an intact molecule (for example, by pairing between two single-stranded complementary sequences). Reconstitution of a double-stranded plasmid is thought to be a prerequisite for transposition in a first step, for transposase expression, and in a second step, to generate an appropriate DNA substrate. Our results provide some support for this view. A pR401 derivative, pR401 [aad] 2 , carrying a 1.3-kbp duplication, exhibited a 5-fold-higher level of transposition than pR401, while a pR401[Tn-IS] structure exhibited a 10-fold-higher level than pR401, suggesting that the presence of the IRR-IRL junction may also stimulate transposition. Moreover, analysis of chromosomal DNA following transformation by pR401 and pR401 [Tn-IS] showed that 2 of 12 and 5 of 12 clones, respectively, carried not only the Tn4001 sequence but also the plasmid backbone sequence. This type of transposition product (Fig. 4D) can result from two transposition pathways. The first in- volves transposition using the IRL of an IS256L (or IS256R) copy and the IRR of the other IS256L (or IS256R) copy carried by a dimeric plasmid. The second involves integration using the IRR-IRL junction carried by a tandem IS structure. Such complex transposition products make localization of chromosomal insertions with simple PCR-based procedures more difficult, and moreover, the presence of three copies of IS256 would certainly lead to further rearrangements. In summary, the results presented here demonstrate that IS256 is capable of forming tandem IS dimers and IS circles in E. coli. For other IS elements belonging to different families, these types of structures have been shown to be very active in transposition. Although more detailed studies with a controlled experimental system are necessary to define the IS256 transposition mechanism in gram-positive bacteria, our results highlight the complexity of transposition mutagenesis in naturally transformable bacteria and underline some of the inadequacies of using Tn4001 as a mutagen.
